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THERMODYNAMIC AND AERODYNAMIC ANALYSIS METHODS 
FOR OIL FLOODED SLIDING VANE COMPRESSORS 
C. R. Peterson Rapidex Inc. Boxford, Massachusetts 
W. A. McGahan Ingersoll-Rand Research Inc. Princeton, New Jersey 
!NT RODU CTION 
Oil flooded sliding vane compressors have play-
ed an important roll for many years in refrigera-
tion and air compression applications. They 
came into use as a replacement for reciprocat-
ing machinery, offering small size, low cost, 
mechanical simplicity, and reliability, often in 
return for a somewhat lower efficiency. The 
literature shows little information describing 
the fundamental thermodynamic and aerodynamic 
processes that occur within the vane compressor 
from which one can deduce the relative magni-
tude and source of the various losses which de-
termine the compressor efficiency. This paper 
presents the results of such an investigation that 
helps to understand these various losses and 
hopefully will stimulate engineers to devise me-
thods of improvement. 
THERMODYNAMIC MODEL 
In the analysis we will determine the variation 
of states of the air contained between two ad-
jacent vanes in the compressor. Our interest 
extends all the way around the cycle, including 
those regions in which the chamber defined by 
the vanes is in communication with the inlet and 
dis charge ports. Knowing the variation of air 
properties we can calculate the torque on the 
rotor (hence power) and the quantity of air dis-
charged (hence flow rate). To determine the 
air state and the total power input we need to 
know the frictional torque on the rotor. This is 
determined with the aid of a separate portion of 
the analysis which treats the balance of forces 
on each compressor vane at each instant of time. 
The analysis thus accounts for frictional effects, 
heat transfer to or from the air, leakage to or 
from the chamber examined, work done by the 
chamber volume, and inlet and discharge port 
flow conditions. The calculation proceeds in a 
step-wise fashion as the rotor moves around the 
cycle utilizing numerical methods and a digital 
1 
cor.nputer solution. 
Schematically the thermodynamic system is shown 
in Figures 1 a and b. At any instant of time t, 
the char.nber in question contains the mass m 
which is part of the system and a small increment 
dm0 , not part of the system, which will flow out 
of the chamber during the calculation interval dt. 
The remainder of the system is dmi which begins 
outside the chamber and flows in during the cal-
culation interval. Figure 1 suggests that. dmi and 
dm0 are leakages, to and from the chamber res-
pectively, but these are schematic only. Actual 
flows may occur in either direction through any 
leakage area, or inlet or discharge port, depend-
ing on the pressure drop. In this system in the 
time interval dt we can apply the first law of 
thermodynamics, 
dQ = dE + dW (1) 
for the internal energy we may write for a per-
fect gas, neglecting higher order terms; 
dE= c [ mdT + Z (T-T. ) dm. J v 1 1 (2) 
specific heat of the gas at constant volume 
Temperature of gas in the chamber 
Subscript"flow into the chamber". 
Assuming the gas is inviscid the work terr.n 
may be written 






- pressure withl.n the chamber 
elemental change in chamber volume 
density of gas within chamber 
Combining the above three equations we obtain, 
dQ = cv [mdT + 2: (T-T1) dmJ + pdV 
dm 
0 {4) 
Introducing time derivitives with the definitions 
· dQ · ill· ;;: dmi . m" 
Q;;:(if' l err-· 0 
with time eliminated in terms of angular speed by 
the definition 
de dt =: -
w 
we can then convert equation (4) to its most useful 
form by using these definitions and perfect gas 
expression to obtain, 
iE ;;: .Y.:..!. 6 + ___y_ \"'(E. ) . • - 1 
dB w V w v "- p 1 mi wV ::(E) 
p 
.l..:..!.._ = (E. ) 





The mass of gas within the chamber is obtained 
by integrating the in and out flows as follows 
(5) 
8 s B 
m (B) =< m (o) +.!. J m. d8- .!. rh dB (6) 
w 0 l lJJ 0 0 
The rn terms are evaluated at each calculation 
step as flows due to four causes: 
1. Leakage flow between the chamber and the 
lagging chamber. 
z. Leakage flow between the leading chamber and 
the chamber. 
3. Leakage flow between the chamber and the 
regions at inlet pressure. 
4. Flows through inlet and discharge ports, 
when open. Such port areas were computed 
for different angular positions of the chamber 
examined. 
The flows were computed with the following 
approximate expression. 
rri ;;: CA Jz g p
1 






For choked flow conditions (p2 I p < 0. 65), the 
value of ·:P2 I p is taken as 0. 65. 
1
subscripts 1 
and 2 refer to fue upstream and down stream con-
ditions respectively. 
C- discharge coefficient empirically select-
ed to account for blockage by oil. 
A- The leakage area. 
For each leak path an area and a corresponding 
flow coefficient are defined. The area is defined 
2 
in terms of the appropriate machine dimensions. 
The actual area is not really known since the flow 
path is not known and the appropriate clearances 
are not known since the possible open area is 
often partially blocked with oil. Errors in the 
areas are compensated by selecting empirical 
coefficients to match the final delivered flow. 
However, this approach never the less enables 
one to examine different geometrical rnachines 
when flow coefficients are kept the same. 
It is assumed that the gas in the system transfers 
heat only with the oil in the chamber, according 
to the equation . . 
Q ;;: 0 gas ;;: HV ( Toil - T) (8) 
where T 0 n and Tare the instantaneous oil and 
gas temperatures respectively, His an empiri-
cal constant which is simply the oil-to-gas heat 
transfer coefficient per unit chamber volume V. 
The assumption that the total heat transfer is pro-
portional to the volume of gas is based upon the 
physical concept of a fog of oil droplets of rough-
ly constant number density dispersed throughout 
the chamber and is justified if the total surface 
area of the oil droplets is large in magnitude 
compared to the surface area of the walls of the 
chamber. 
The oil temperature is determined from an ener-
gy equation for the oil, in which it is assumed 
that all frictional power, \P d , shows up as an 
energy addition to the oil. The frictional power 
includes vane friction, rotor end wall viscous 





=: -Q + q; d gas (9) 
is the specific heat of the oil. 
Integrations of equations (5) and (9) provide the 
pressure and oil temperature for the next calcul-
ation step. 
Toil ( B + dB) ::: Toil ( B) + d Toil ( 9) d B 
~ 




From equation (6), (10) and (11) and knowing the 
chamber volume at (B + d9), other properties like 
density and temperature of the gas are calculated 
using perfect gas equations. The integration pro-
ceeds to the next step in this manner for each new 
angular position of the chamber. 
The chamber volume defined by the two adjacent 
vanes was obtained from the following expression 
v = ~ ((~: i~;"" (12) 
J-lS+lT 
2 2 
where L - rotor length 
R - radius from rotor center to housing 
surface at angular position ql 
R R radius of the rotor 
qJ- angular position of the radius R 
8 - angular position of the center line of 
the chamber 
T - angle s ubtended by the vane thickness 
Figure 2 illustrates a typical variation of p with 8. 
VANE FRICTION AND DYNAMICS 
The vane friction which is included in the dissipa-
tive term iji U of equation (9) occurs on the sides of 
the vane as 1t slides in and out of its slot, and on 
the tip where it rubs against the housing. The 
three vane friction forces F 1, F , F (see Figure 
3), were determined by computizrg th~ three re-
action forces R , R , and Rt and utilizing fric-
t . ff" . I hz h · 1on coe 1C1ents w 1C were determ1ned by exper-
iment in a separate test device. Once the vane 
friction forces are known for one full revolution, 
the friction power per vane may be found by sum-
ming the instaneous power over the full revolution. 
The vanes are rotating with the rotor and slide 
radially in and out relative to the rotor. Each 
vane is in dynamic equilibrium under the following 
forces as depicted in Figure 3; 
1. Inertia forces (Ft and F rl 
2. Pressure forces ( p and p ) 
I 2 
3. Reaction forces (R1, R 2
, and Rt) 
4. Friction forces (F , F and F ) 
1 2 3 
Inertia forces can be divided into radial and tan-
gential components. In order to compute the 
accelleration of the vane it is assumed that the 
tip of the vane always remains in contact with the 
housing. Pressure forces are developed on the 
vane due to the pressures in the adjacent cham-
bers. Pressure under the vane is taken as that 
of the leading chamber since the vanes have 
communicating grooves with this chamber. The 
seal on the tip of the vane is assumed to appear 
along the center of the vane, as illustrated, and 
pressure forces on the sides of the vane depend 
upon where the vane seals in its slot. 
In order to obtain the reactions at a given vane 
position the pressure p 2 and p 1 
and the inertia 
3 
forces Fr and Ft are first computed. Three 
equations of dynannc equilibrium are written for 
the vanes, including the appropriate pressure 
forces, inertia forces, unknown reactions, and 
their corresponding friction forces. With fric-
tion coefficients known or separately determined, 
the reactions and fr1ction forces are then comput-
ed. 
Figure 4 shows the reaction forces on a vane 
computed in an air compressor for 100 psig dis-
charge pressure. Figure 5 shows the corres-
ponding instaneous power lost due to vane friction. 
The area under each curve is indicative of the 
total power loss from each location, where fric-
tion occurs. Most of the power is lost in vane 
friction at the top of the vane due to the combina-
tion of high tip velo( 1ty and reaction fore e. 
TYPICAL RESl:LfS 
To carry uut the calculation it is necessary to 
determine three coefficients; the vane friction 
coefficient, the heat transfer coefficient H which 
appears 1n equation (8) and the leakage coefficient 
C which appears 1n equation (7). The friction co-
efficient used on the vane tip was 0. 2 and that on 
the sides of the vane 0.1, as determined in the 
spec1al test ng. The coefficients C and H were 
determined by forcing an agreement between the 
analytical and the experimentally determined 
horsepower and air flow of an air compressor 
running at 1800 rpm and 100 psig discharge 
pressure. After fixing these three coefficients, 
the compressor discharge pressure and speed 
were both varied and the results are shown in 
Figures 6 and 7. Good agreement between the 
experimental and computed results was obtained. 
Separate calculations were performed on a 
typical compressor by sequentially deleting each 
of the various losses. The following table, which 
gives the horsepower required to deliver 100 cfm 
of air at 100 psig, shows the loss distribution 
within the machine : 
All leakage and all friction 
All leakage and only vane 
friction 
All leakage and no friction 
Only leakage to inlet & no 
friction 
No leakage and no friction 







On the basis of the above results and others 
computed for different sizes of compressors the 
following conclusions were reached; 
1. Substantial vane friction losses are present 
in the machine. 
2. Leakage losses are less than half the losses 
due to friction. 
3. Heat transfer between oil and air during the 
compression process is ineffective. However 
in two stage machines it is believed that the 
intimate mixing of the air and oil which 
occurs in the interstage passages results in a 





Figure I b. 
8 

































0 0 0 0 0 
C\1 IX) w v 


































































































VANE LENGTH = 7 IN. 
N = 1800 RPM, PO = 100 PSIG 
~ R2\ \ RR = 2. 25 IN. I R = 2.671N., E' = 0. 4~ IN. 
------ ---, I 
--- •,, I 
--- -- ------··--... '~---·-
\ ---·----· -------...... ... ________ .,---- .------
... 1 
1 1 
40 80 120 160 200 240 
CHAMBER POSITION 8 -(degrees) 





















VANE LENGTH = 7 IN. 
N = 1800 RPM, PO= 100 PSIG 
R R = 2.25 IN., R =2.671N., £ = 0.451N. 
80 120 




FRICTION LOSS ( R1) 
FRICTiON LOSS ( R2 ) 
160 200 240 280 
CHAMBER POSIT ION 8 - (degrees) 




















401- CALCULATED PERFORMANCE 
• • • EXPERIMENTAL DATA 
/ 
l"" I ~ 
~ 1500 1800 2100 
RPM 
Figure 7. VARIABLE SPEED TEST AT DISCHARGE 




















VI • • • EXPERIMENTAL DATA 
• 
T J I _L I 
40 60 80 100 120 
DISCHARGE PRESSURE ( psig) 
Figure 6. VARIABLE DISCHARGE PRESSURE 
